1. Introduction {#sec1}
===============

Ginseng (*Panax ginseng* Meyer) is an important medicinal plant. Its roots have been widely used for thousands of years as a traditional medicine formulation for human health with various beneficial effects, such as antineoplastic, antistress, anti-inflammatory, antioxidative, and neuroprotective [@bib1], [@bib2].

Ginseng is a perennial shade plant. Shade plants, adapted to low light environments, have limited ability to cope with excess light and are more susceptible to photoinhibition than sun plants are [@bib3]. The absorption of excessive light energy impairs photosynthetic machinery primarily by inactivating photosystem II (PSII) and eventually reduces photosynthetic capacity termed photoinhibition [@bib4]. The proposed mechanism underlying photoinhibition is the disruption of oxygen-evolving complexes by excessive direct light, which inactivates the reaction center of PSII. Moreover, the excessive light-mediated production of reactive oxygen species (ROS) inhibits the repair of photodamaged PSII [@bib4], [@bib5], [@bib6].

To minimize photoinhibition, all photosynthetic organisms have evolutionarily developed photoprotection and PSII repair mechanisms [@bib4]. Plants can dissipate excess energy as heat, called nonphotochemical quenching, which is an efficient and relatively rapid response to sudden high light (HL) exposure [@bib7]. Plants can also adjust light-harvesting capacity through leaf and chloroplast movement and reduce the light-harvesting antenna size as acclimation and relatively long-term response to HL stress [@bib8]. Furthermore, detoxification of ROS is a key photoprotective response using antioxidants and ROS-scavenging enzymes [@bib9]. Light-induced photoinhibition is considered to occur when the rate of PSII photodamage is higher than its rate of repair [@bib4]. The PSII repair cycle includes successive steps of phosphorylation, dephosphorylation, disassembly of PSII components, proteolysis, *de novo* synthesis of PSII proteins (particularly D1 protein), and reconstitution of PSII complex [@bib10], [@bib11].

In ginseng, photosynthetic and physiological characteristics and growth performance have been studied in response to HL stress [@bib12], [@bib13], [@bib14], [@bib15]. Ginseng displays photoinhibitory symptoms including photobleaching and chlorosis followed by reduced photosynthetic efficiency when the photosynthetic photon flux density is \> 500 μmol m^−2^ s^−1^ [@bib13], which is approximately 25% of full sunlight (2,000 μmol m^−2^ s^−1^) [@bib3]. Therefore, in the production of ginseng, modulating and optimizing the light intensity by artificial shading is one of the most important cultivation practices. Generally, the light transmission rate of artificial shading is in the range of 8--20% of full sunlight [@bib12], [@bib14], [@bib15], which is comparable to 160--400 μmol m^−2^ s^−1^ light intensity.

Along with cultivation practices, genetic improvement of HL tolerance would be an alternative strategy to stabilize and further increase ginseng productivity. Genetic improvement via conventional breeding, metabolic engineering, or both could be promoted by elucidating genetic and molecular mechanisms underlying target traits. Currently, however, genetic and molecular characteristics associated with HL tolerance and susceptibility have been uncovered in ginseng. In this study, the level of photoinhibitory stress induced by HL treatment (800 μmol m^−2^ s^−1^) was estimated and quantified based on the chlorophyll (Chl) fluorescence in ginseng leaves. Then, genome-wide analysis of gene expression in response to HL stress was performed, for the first time, in ginseng using extensive parallel sequencing of RNA. Furthermore, we explored transcript dynamics under both HL and recovery treatments and identified HL responsive genes. Putative functions of the identified ginseng genes were also analyzed and discussed based on the comparative analysis of *Arabidopsis thaliana* orthologs. The identified ginseng genes might contribute to photoprotection and acclimation to HL stress. This study provides an overview and understanding of transcriptomic responses to HL stress in ginseng.

2. Materials and methods {#sec2}
========================

2.1. Plant material and growth conditions {#sec2.1}
-----------------------------------------

Roots of 1-year-old Korean ginseng (*P. ginseng* cv. Chunpoong) collected from the experimental field of Korea Ginseng Corporation were transplanted in 2-L pots (2 roots per pot) containing soil mixes (Shinsung Mineral, Goesan, Korea). Plants were germinated and grown in the indoor plant growth facility (KIST U-Farm, Gangneung, Korea) under 200 μmol m^−2^s^−1^ light intensity with a 16-h photoperiod. Full-spectrum light-emitting diode (LED) lights (Plant Growth LED, WAVESYSCOM, Gwangju, Korea) were used as a light source. The manufacturer-provided relative spectrum curve of the LED light was shown in [suppl. Fig. 1](#appsec1){ref-type="sec"}. The light intensity was set by adjusting the distance between the plants and LED lights. The temperature was set at 24°C/20°C (day/night). Plants were irrigated once a week with 400-mL tap water, and the soil moisture (volumetric water content) was maintained at 18% before irrigation.

2.2. HL treatment, recovery, sampling, and Chl fluorescence measurement {#sec2.2}
-----------------------------------------------------------------------

Seventy-five days after transplanting, plants were randomly placed under 200 or 800 μmol m^−2^ s^−1^ light intensity (control and HL treatments, respectively) on a 16-h photoperiod from 06:00 to 22:00. After an 8-h dark period from 22:00 to 06:00 (on the next day), HL-treated plants were placed under 200 μmol m^−2^ s^−1^ light intensity for recovery from 06:00 to 22:00 (16 h).

A pulse amplitude modulation fluorometer (Junior-PAM, Heinz Walz GmbH, Effeltrich, Germany) was used to measure Chl fluorescence and estimate the photosynthetic efficiency (the maximum quantum yield of PSII). The middle leaflet (the third of five leaflets of one compound leaf) of each plant was adapted to the dark for 20 min before the determination of basal (Fo) and maximum (Fm) Chl fluorescence. Fo was determined after exposure to a standard modulated excitation intensity of 0.5 μmol photon m^−2^ s ^−1^, and then, Fm was measured after applying a saturating pulse of 2,400 μmol photons m^−2^ s ^−1^. The maximum quantum yield of PSII was defined as Fv/Fm = (Fm-Fo)/Fm, and the value of Fv/Fm was used as a diagnostic indicator of photoinhibitory damage [@bib16].

The Chl fluorescence of treated plants was measured with four biological replicates at 1 (07:00), 4 (10:00), 8 (14:00), and 16 (22:00) h after HL treatment (HAHT) and at 0 (06:00), 4(10:00), 8 (14:00), and 16 (22:00) h after recovery treatment (HART). The Chl fluorescence was also measured from corresponding control plants at each time point.

Samples for the transcriptome sequencing were collected from treated plants with two biological replicates at 8 HAHT and 8 HART and designated as HT (HL-treated sample) and RT (recovery-treated sample after HL treatment), respectively. Samples for the corresponding control plants were also collected at each time point with three biological replicates and designated as corresponding control for HT (CH) and corresponding control for RT (CR). Tissue specimens for the sequencing were from the middle leaflet (the third of five leaflets of one compound leaf) of each sample.

2.3. RNA extraction, library construction, transcriptome sequencing, and *de novo* assembly {#sec2.3}
-------------------------------------------------------------------------------------------

Total RNA was extracted from HT, RT, CH, and CR samples using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). RNA integrity was confirmed using the 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).

A total of 10 RNA-Seq paired-end libraries were prepared from each control and treated sample consisting of three and two biological replicates, respectively, using the Illumina TruSeq RNA Sample Preparation Kit v2 (Illumina, San Diego, CA, USA). The library was quantified using the KAPA Library Quantification Kit (Kapa Biosystems, Wilmington, MA, USA) following the manufacturer\'s instructions.

Each library was loaded onto the Illumina HiSeq 2000 platform (Illumina), and high-throughput sequencing was performed ensuring that each sample met the desired average sequencing depth. After sequencing, the duplicated reads produced by the polymerase chain reaction were filtered through in-house scripts. The sequence data were trimmed using DynamicTrim and LengthScort from SolexaQA package [@bib17]. *De novo* assembly of the trimmed reads was performed using the Velvet (v1.2.10) [@bib18] and Oases (v0.2.09) [@bib19] based on the de Bruijn graph algorithm. To obtain the best *de novo* assembly, hash length (k-mer) optimization was performed, and the final assembly result was retrieved at k-mer = 65 ([Table 1](#tbl1){ref-type="table"}).Table 1Summary statistics of transcriptome sequencing, assembly, and annotation.Table 1Sequencing resultsDataNumber of readsTotal length (bp)Raw data206,971,02820,904,073,828Trimmed data184,040,36616,034,478,225 (trimming rate: 76.7%)Assembly results (best assembly at k-mer=65)DataNum. of transcriptsLength (bp)TotalMinimumMaximumAverageN50Total transcripts136,188167,400,58620011,9641,2291,825Representative transcripts45,98735,721,98720011,9647761,272AnnotationDataNumber of annotated transcriptsAnnotation rate (%)Total transcripts108,27979.5Representative transcripts29,18463.5

2.4. Read mapping, normalization, and identification of differentially expressed genes {#sec2.4}
--------------------------------------------------------------------------------------

Trimmed sequence reads were mapped to the assembled transcripts using the bowtie2 (v2.1.0) software [@bib20], allowing a maximum of 2 bp mismatches per read. Representative transcripts were selected after the previous study [@bib21]. The number of mapped clean reads for each transcript was calculated and normalized using the DESeq package in R [@bib22].

The gene expression levels were compared between each sample, and differentially expressed genes (DEGs) were identified and selected based on a minimum twofold change and the number of DEseq-normalized counts (read counts \> 500 in at least one library). The false discovery rate (FDR) was used to identify the threshold of the p-value in multiple tests (FDR \< 0.01) using DESeq. All correlation analysis and clustering were performed using the AMAP library in R [@bib23].

2.5. Functional annotation of assembled transcripts and functional enrichment analysis {#sec2.5}
--------------------------------------------------------------------------------------

Using the clean reads merged from each sample, transcripts were validated and annotated by direct comparison with gene sequences in the Phytozome, Uniprotkb database, and the NCBI NR Viridiplantae database using BLASTX algorithms with a significant threshold e-value ≤ 1e-10. The proteins with the highest sequence similarity were retrieved for analysis. All the transcripts were further annotated using Gene Ontology (GO) based on the similarity of protein sequences in the GO database [@bib24]. GO term enrichment of DEGs with *Arabidopsis* ortholog\'s information was performed against the PANTHER database [@bib25] using Fisher\'s exact test with Benjamini-Hochberg procedure (FDR \< 0.05). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis for upregulated and downregulated transcripts was carried out using ThaleMine (<https://apps.araport.org/thalemine/begin.do>) with Benjamini-Hochberg test correction (FDR \< 0.05). The identified transcripts in the enriched KEGG pathway were indicated on the corresponding pathway map from the KEGG database [@bib26].

2.6. Sequence data availability {#sec2.6}
-------------------------------

The sequence data generated for this study are accessible via the NCBI Sequence Read Archive under the accession ID of SRP148526.

3. Results {#sec3}
==========

3.1. Photoinhibition in HL-treated ginseng {#sec3.1}
------------------------------------------

The level of photoinhibitory stress induced by HL treatment (800 μmol m^−2^ s^−1^) was estimated using the Chl fluorescence parameter Fv/Fm. The Fv/Fm of the HL-treated ginseng decreased overtime during the 16-h photoperiod ([Fig. 1](#fig1){ref-type="fig"}). The Fv/Fm dropped from 0.616 to 0.357 over the HL treatment period (1--16 HAHT), whereas the Fv/Fm ranged from 0.651 to 0.722 for the corresponding control plants grown under relatively moderate light (200 μmol m^−2^ s^−1^).Fig. 1Time-course changes in maximum potential quantum efficiency of photosystem II (Fv/Fm) for control and high light--treated plants. Light intensities for high light and recovery treatment were 800 and 200 μmol m^−2^ s^−1^, respectively (treatment), and control plants were under 200 μmol m^−2^s^−1^ light intensity during photoperiod (control). Numbers in parentheses represent hours after HL treatment (HAHT) or hours after recovery treatment (HART). Arrows indicate Fv/Fm values at sampling for transcriptome sequencing. TOD, time-of-day; HT, high light--treated sample; CH, corresponding control for HT; RT, recovery-treated sample after high light treatment; CR, corresponding control for RT. Vertical bars represent standard error (n = 4).Fig. 1

After an 8-h dark period followed by 16-h recovery photoperiod at 200 μmol m^−2^ s^−1^ light intensity, the HL-treated plants showed an increase in Fv/Fm from 0.357 to 0.652, indicating a recovery from photoinhibition. However, the Fv/Fm of recovered HL-treated ginseng was lower than that of the corresponding control plants at each time point ([Fig. 1](#fig1){ref-type="fig"}).

Samples for transcriptome sequencing were collected at 8 HAHT and 8 HART ([Fig. 1](#fig1){ref-type="fig"}). The Fv/Fm values of sequencing samples, CH vs. HT and CR vs. RT, were 0.651 vs. 0.468 and 0.689 vs. 0.652, respectively ([Fig. 1](#fig1){ref-type="fig"}).

3.2. Transcriptome sequencing, *de novo* assembly, and annotation {#sec3.2}
-----------------------------------------------------------------

RNA sequencing was performed using 10 individual libraries, two biological replicates of HT or RT, and three biological replicates of CH or CR. Summary statistics of raw and trimmed sequencing data for each replicates were shown in [Suppl. Table 1](#appsec1){ref-type="sec"}. A total of 184,040,366 clean reads (total length of 16,034,478,225 bp) were generated after trimming and performing a quality check, and it was assembled into 136,188 transcripts with maximum and average lengths of 11,964 bp and 1,229 bp ([Table 1](#tbl1){ref-type="table"}). Among the transcripts, 45,987 were representative, indicating an average of 2.96 transcripts per locus. The number of annotated transcripts was 108,279 (annotation rate: 79.5%), and 29,184 transcripts were annotated among 45,987 representative transcripts (annotation rate: 63.5%).

3.3. DEGs selection and expression dynamics in response to HL and recovery treatment {#sec3.3}
------------------------------------------------------------------------------------

To investigate transcriptomic responses specific to HL stress, DEGs were analyzed using a pairwise comparison between HT and CH. Highly expressed DEGs were then selected and analyzed from the identified DEGs based on the number of DEseq-normalized read counts \> 500 in at least one library. Among 438 highly expressed DEGs, 326 and 112 transcripts were upregulated and downregulated under the HL condition (HT vs. CH). To facilitate the functional classification and analysis, DEGs annotated with *Arabidopsis* orthologs were further selected, and 190 and 99 were upregulated and downregulated DEGs, respectively, ([Suppl. Table 2](#appsec1){ref-type="sec"}).

To investigate expression patterns of the HL responsive transcripts under recovery conditions, pairwise comparisons of expression levels were performed between RT and HT (RT vs. HT), as well as RT and CR (RT vs. CR). Among 190 upregulated transcripts in HT vs. CH, most transcripts (91%, 173 transcripts) were downregulated after recovery treatment compared with HT (RT vs. HT; Cluster 1; [Suppl. Fig. 2A and B](#appsec1){ref-type="sec"}), whereas the rest (9%, 27 transcripts) remained upregulated in the RT (Cluster 2; [Suppl. Fig 2C](#appsec1){ref-type="sec"}). When the expression in the RT was compared with the corresponding control (RT vs. CR), 146 and 27 transcripts in Cluster 1 showed relatively higher and lower expression levels, respectively (grouped as Cluster 1A and 1B, respectively). All the transcripts in Cluster 2 were upregulated in RT vs CR ([Suppl. Fig. 2A-C](#appsec1){ref-type="sec"}).

In 99 downregulated transcripts in HT vs. CH, 91% (90 transcripts) were upregulated in response to recovery treatment compared with HT (RT vs. HT; Cluster 3; [Suppl. Fig. 2D and E](#appsec1){ref-type="sec"}), while 9% of transcripts remained downregulated in RT compared with HT samples (Cluster 4; [Suppl. Fig 2F](#appsec1){ref-type="sec"}). In a pairwise comparison between RT and CR samples, 84 and six transcripts in Cluster 3 displayed relatively lower and higher expression in RT compared with CR samples, respectively (grouped as Cluster 3A and 3B, respectively). The expression levels of transcripts in Cluster 4 were lower in RT than they were in CR samples ([Suppl. Fig. 2D-F](#appsec1){ref-type="sec"}).

3.4. GO term enrichment analysis {#sec3.4}
--------------------------------

To identify overrepresented GO terms in DEGs in response to HL stress, GO term enrichment was performed against the *Arabidopsis* reference set. As shown in [Fig. 2](#fig2){ref-type="fig"} and [Suppl. Table 3](#appsec1){ref-type="sec"}, in the GO term "biological process," most enriched GO terms were related to stresses such as response to "light intensity," "abiotic stimulus," "oxidative stress," and "heat". Particularly, the GO term "response to stress" was enriched with 33% upregulated transcripts. Furthermore, 6% of upregulated transcripts were involved in "response to HL intensity," "response to ROS," or both. GO terms for downregulated transcripts were largely different from those for upregulated transcripts. The enriched GO terms were mostly associated with "cellular metabolic process" and "carbohydrate/polysaccharide catabolic/biosynthetic process," whereas these GO terms were not enriched in upregulated transcripts. Stress-related GO terms were also identified for downregulated transcripts, and 26% and 5% of downregulated transcripts were involved in "response to stress" and "response to HL intensity," respectively.Fig. 2Gene Ontology (GO) enrichment analysis for differentially expressed gene (DEG) set identified by pairwise comparison between high light--treated and corresponding control plants. GO-terms in the category of "biological process" are presented. Dashed lines indicate each subcategory, and terms in each subcategory are presented by the hierarchical order. Values on x-axis are percentages of upregulated or downregulated transcripts associated with each GO-term among all upregulated or downregulated transcripts in DEG set.Fig. 2

For the GO term "cellular component," 18% of upregulated transcripts were related to "macromolecular complex" including "protein complex" and "chaperone complex," which were not enriched in downregulated transcripts. In addition, 12% and 6% of upregulated transcripts were categorized into "chloroplast part" and "mitochondrial part," respectively. For downregulated transcripts, 40 GO terms were significantly enriched, and 14 were related to the chloroplast. Among them, the GO terms "chloroplast," "chloroplast envelope," "chloroplast thylakoid," and "photosystem" were enriched with 44%, 14%, 11%, and 6% of downregulated transcripts, respectively ([Suppl. Table 4](#appsec1){ref-type="sec"}).

For the GO term "molecular function," 59% of upregulated transcripts were associated with "binding" and subcategorized into "protein binding," "nucleotide binding," "organic cyclic compound binding," or a combination of these terms. For downregulated transcripts, only the GO term "catabolic activity" and one subgroup of "transferase activity" were significantly enriched with 56% and 10% of transcripts, respectively ([Suppl. Table 5](#appsec1){ref-type="sec"}).

We further focused on the GO terms "response to HL intensity" and "response to ROS," which were enriched with 10 and nine upregulated transcripts, respectively ([Fig. 3](#fig3){ref-type="fig"}A). Among the identified transcripts, three (*FtsH6, ELIP1,* and *TIL1*) and two (*HSP 15.6* and *CSD2*) genes were particularly involved in "response to HL intensity" and "response to ROS," respectively, whereas seven genes were redundant in both GO terms. All the upregulated transcripts in response to HL treatment were reversely downregulated after recovery treatment compared with HT samples (RT vs. HT; [Fig. 3](#fig3){ref-type="fig"}A). When the expression levels of the transcripts were compared with the corresponding control (RT vs. CR; [Fig. 3](#fig3){ref-type="fig"}A), they remained largely upregulated, except for *EGY3, CLPB1,* and *CSD2.*Fig. 3Identified ginseng genes associated with Gene Ontology (GO)-terms, "response to high light intensity," "response to reactive oxygen species (ROS)," or both and their expression profile under high light and recovery conditions. The color key indicates that color intensity represents the degree of log2-fold changes in gene expression in each pairwise comparison. (A) Upregulated genes in HT vs. CH and their expression profile in each pairwise comparison. Genes with bold red and bold black color were identified to be associated with "response to high light intensity" and "response to ROS," respectively. Genes in grey box were involved in both GO-terms. (B) Downregulated genes in HT vs. CH identified to be associated with "response to high light intensity" and their expression profiles in each pairwise comparison.Fig. 3HT, high light--treated sample; CH, corresponding control for HT; RT; recovery-treated sample after HL treatment; CR, corresponding control for RT.

Among downregulated transcripts, four (*LHCB2.1, LHCB3, PsbO1,* and *FtsH2*) were found to be involved in "response to HL intensity" ([Fig. 3](#fig3){ref-type="fig"}B). The expression levels of these transcripts after recovery treatment were slightly upregulated compared with the HT samples, except for *LHCB3* (RT vs. HT; [Fig. 3](#fig3){ref-type="fig"}B). All transcripts remained downregulated after recovery treatment when their expression was compared with the corresponding control (RT vs. CR; [Fig. 3](#fig3){ref-type="fig"}B).

3.5. KEGG pathway enrichment analysis {#sec3.5}
-------------------------------------

To obtain an overview of the biological functions of identified DEGs, KEGG pathway enrichment for upregulated and downregulated transcripts was performed against the *Arabidopsis* data set. For the upregulated transcripts in HT compared with CH samples, a KEGG pathway, "protein processing in the endoplasmic reticulum (ER; ath04141)" was significantly enriched with 14 transcripts ([Fig. 4](#fig4){ref-type="fig"}). The identified ginseng transcripts were heat shock proteins (HSPs), heat shock cognate protein, HSP binding proteins (HBP), and HSP-like chaperones, acting in protein recognition in ER, COPII-mediated protein transport, ER-associated degradation, and ubiquitin ligase complex ([Fig. 4](#fig4){ref-type="fig"}, [Suppl. Fig. 3](#appsec1){ref-type="sec"}). The *Arabidopsis* orthologs of identified ginseng transcripts were mapped on the KEGG pathway ([Suppl. Fig. 3](#appsec1){ref-type="sec"}). All those 14 upregulated transcripts in HT compared with CH were downregulated after recovery treatment (RT vs. HT; [Fig. 4](#fig4){ref-type="fig"}). In a pairwise comparison between RT and CR, nine transcripts remained upregulated, while five transcripts showed relatively lower expression in RT (RT vs. CR; [Fig. 4](#fig4){ref-type="fig"}).Fig. 4Identified ginseng genes associated with the Kyoto Encyclopedia of Genes and Genome pathway, "protein processing in endoplasmic reticulum" and their expression profile under high light and recovery conditions. HT, high light--treated sample; CH, corresponding control for HT; RT, recovery-treated sample after HL treatment; CR, corresponding control for RT. The color key indicates that color intensity represents the degree of log2-fold changes in gene expression in each pairwise comparison.Fig. 4

For the downregulated transcripts in the pairwise comparison between HT and CH samples, the KEGG pathways, "metabolic pathways (ath01100)" and "starch and sucrose metabolism (ath00500)" were significantly enriched with 25 and 7 transcripts, respectively. Among the 25 transcripts in "metabolic pathways," seven were mapped onto "starch and sucrose metabolism" ([Fig. 5](#fig5){ref-type="fig"}; [Suppl. Fig. 4](#appsec1){ref-type="sec"}). The remaining 18 transcripts in "metabolic pathways" were found to be involved in Chl metabolism/photosynthesis, amino acid metabolism, glycerolipid metabolism, linoleic acid metabolism, vitamin B6 metabolism, phenylpropanoid biosynthesis, and carotenoid biosynthesis ([Fig. 5](#fig5){ref-type="fig"}). Most downregulated transcripts (19 of 25 transcripts) in HT samples displayed an increased expression after recovery, whereas the remaining transcripts remained downregulated after recovery treatment (RT vs HT; [Fig. 5](#fig5){ref-type="fig"}). A comparison of the expression levels in RT with the corresponding control revealed that they were relatively lower in RT, except for that of the *APL2* gene (RT vs. CR; [Fig. 5](#fig5){ref-type="fig"}).Fig. 5Identified ginseng genes associated with the Kyoto Encyclopedia of Genes and Genome pathway, "metabolic pathways" and their expression profile under high light and recovery conditions. *PPA2*, *CCD4*, and *CAD8* under the subgroup of ETC were identified to be involved in vitamin B6 metabolism, phenylpropanoid biosynthesis, and carotenoid biosynthesis, respectively. HT, high light--treated sample; CH, corresponding control for HT; RT, recovery-treated sample after HL treatment; CR, corresponding control for RT. The color key indicates that color intensity represents the degree of log2-fold changes in gene expression in each pairwise comparison.Fig. 5

4. Discussion {#sec4}
=============

High-throughput transcriptome sequencing has been an effective strategy for understanding genetic and molecular mechanisms underlying complex biological processes and provides opportunities to discover genes of interests. Moreover, this strategy enables genome-wide studies of nonmodel plants even without prior genome and sequence information [@bib27].

Considering the importance of ginsenosides as potential active compounds in ginseng, genome-wide transcriptome analysis has mostly focused on uncovering the ginsenoside biosynthetic pathways [@bib28], [@bib29], [@bib30], [@bib31], [@bib32], [@bib33]. However, transcriptome profiling associated with agricultural traits including a/biotic stress tolerance remains lacking. To our knowledge, this is the first study to investigate the transcriptomic responses of ginseng to HL stress, which is the major environmental stress compromising ginseng productivity.

Based on the text mining of the annotated transcripts, GO term, and KEGG pathway enrichment analysis, a significant number of upregulated transcripts under HL conditions were stress-associated genes. In particular, 40 of the 190 upregulated genes (21%) were annotated as *HSP* (cognate), *HBP*, and (co)chaperones ([Suppl. Table 2](#appsec1){ref-type="sec"}). In the enriched GO-terms "response to HL intensity" and "response to ROS," six of the 12 identified genes were also *HSPs* and (co)chaperones ([Fig. 3](#fig3){ref-type="fig"}A). Furthermore, the KEGG pathway, "protein processing in ER" was enriched with 14 genes including 12 *HSPs*, one chaperone (*ATJ2*), one *HSBP* (*Fes1A*), and one transporter (*Sec24-like*) ([Fig. 4](#fig4){ref-type="fig"}; [Suppl. Fig. 3](#appsec1){ref-type="sec"}). Consistent with our results, increased expression of HSPs and chaperones under photoinhibitory light conditions has been reported in a wide range of photosynthetic organisms, including cyanobacteria, algae, and various higher plants [@bib9], [@bib34], [@bib35], [@bib36], [@bib37], [@bib38]. HSPs and chaperones, evolutionary conserved and found in all living organisms, are responsible for proper protein (re)folding, assembly, translocation, and stabilization, as well as protein protection and degradation after various stressful conditions [@bib39]. Considering previous reports of the biological functions of those proteins, identified ginseng HSPs and chaperones could have protective roles against HL stress. Particularly, as indicated in the enriched KEGG pathway, HSP-mediated protein recognition, translocation, ubiquitination, and degradation of photodamaged proteins would be crucial to photoprotection.

Any HL treatment consequently increases temperature, and HL treatment in our experimental setting increased the leaf temperature by 2.8°C (an average of 25.9 and 27.7°C for the control and HL treatments, respectively). Although HSPs were originally discovered and determined to be upregulated by heat stress [@bib40], [@bib41], temperatures ranging from 22°C to 31°C had no detectable effects on the expression of plant HSPs [@bib9]. Therefore, the identified ginseng HSPs in this study would primarily be induced by HL treatment rather than heat.

Biotic and abiotic stresses including HL elevate intracellular levels of ROS, which leads to oxidative stress, impairing biomolecules and biological processes [@bib5], [@bib9]. Under excessive light conditions, ROS are proposed to induce oxidative damage to PSII and inhibit the repair of photodamaged PSII. Thus, plants use multiple antioxidants and ROS-scavenging enzymes to minimize photo-oxidative stress in the chloroplast [@bib4], [@bib9], [@bib42], [@bib43], [@bib44]. Suppressed expression of *CCD4* under HL stress ([Fig. 5](#fig5){ref-type="fig"}) might result in the reduced catabolism of carotenoids, which are main antioxidants [@bib44]. Similar to the previous study on *Arabidopsis* [@bib42], a chloroplastic superoxide-scavenging enzyme, *CSD2*, was identified as an upregulated gene under HL stress in ginseng ([Fig. 3](#fig3){ref-type="fig"}A). However, other HL-responsive ROS scavengers including ascorbate peroxidase and glutathione reductase [@bib5] were not identified as DEGs (\>twofold changes). Considering the sampling time (8 HAHT) in the present study, these genes might have different temporal expression patterns after HL stress, although they commonly protect against photo-oxidative stresses [@bib5].

Along with HSPs, (co)chaperones, and ROS scavengers, several genes involved in photoprotection were identified, especially those functioning in PSII repair and chloroplast development/maintenance. Proteolysis and *de novo* synthesis of the PSII reaction center-binding protein (D1 protein) is a critical process during the repair of photodamaged PSII, while a zinc metalloprotease, FtsH, degrades the D1 protein [@bib45], [@bib46]. In *Arabidopsis*, 12 genes encode FtsHs, and the FtsH protease involved in D1 protein degradation is a heterohexamer composed of type A and B FtsH subunits encoded by four chloroplastic *FtsH* genes [@bib45]. Highly increased expression of ginseng *FtsH6* after HL stress (12-fold increase, [Fig. 3](#fig3){ref-type="fig"}A) suggests that this gene would be one of the subunits forming functional FtsH protease for PSII repair in ginseng. In contrast to ginseng *FtsH6*, *FtsH2* showed decreased expression after HL treatment ([Fig. 3](#fig3){ref-type="fig"}A and B), indicating that ginseng FtsH2 might not be directly involved in D1 protein degradation.

*ELIP1*, *EGY3*, and *TIL1* showed increased expression after HL stress in ginseng ([Fig. 3](#fig3){ref-type="fig"}A) and are known to have protective roles against photo-oxidative stress by functioning mainly in chloroplast development and maintenance [@bib47], [@bib48], [@bib49]. ELIPs are transiently accumulated in response to HL and are a family of light-harvesting complexes, which bind Chl. Although the mode of action of ELIP in photoprotection is unclear, it is proposed to prevent the accumulation of free Chl, which produces singlet oxygen molecules causing oxidative damage [@bib47], [@bib50]. EGY is a metalloprotease, which is required for chloroplast development, especially for the formation of thylakoid grana and the lamellae system. EGY might participate in the metabolic process of chloroplast membrane protein formation as a chloroplastic membrane--bound protease. Furthermore, it is also thought to be involved in the PSII and PSI repair cycle [@bib49]. TIL is one of the lipocalin family members that is induced by various stress conditions, such as cold, heat, salt, drought, and HL stress [@bib48], [@bib51], [@bib52]. TIL plays pivotal roles in maintaining membrane stability by minimizing oxidative degradation of membrane lipids [@bib51].

While a significant number of transcripts upregulated by HL stress treatment were stress-related genes, most downregulated transcripts were associated with the metabolic process as shown in the GO-term and KEGG pathway enrichment analysis ([Fig. 2](#fig2){ref-type="fig"}, [Fig. 3](#fig3){ref-type="fig"}, [Fig. 5](#fig5){ref-type="fig"}). Downregulation of those genes, especially those involved in collective carbohydrates, amino acids, and lipids metabolism, would be an acclimation process under HL conditions rather than a photoprotective response. Excessive light reduces photosynthetic capacity and directly limits carbon availability. Thus, distributing and controlling metabolic flux via transcriptional regulation would be a critical acclimation process to cope with changes in the carbon status [@bib53], [@bib54]. For instance, as shown in [Fig. 4](#fig4){ref-type="fig"}, starch synthesis could be suppressed primarily by deregulating AGPases (*APL2* and *APL3*) and starch synthase (*SS1*) when carbon availability could decrease owing to HL stress. Furthermore, suppressing *SPS4* would contribute to maintaining sucrose availability, thereby providing energy in the source tissues (mainly leaves) under the stress condition.

Transcriptional deregulation of some of the identified genes in Chl metabolism would be directly related to photoprotection. Notably, in this study and in agreement with previous findings [@bib55], [@bib56], [@bib57], reduced expression of genes encoding the light-harvesting Chl a/b binding proteins of PSII (LHCII), LHCB2.1, and LHCB3 reflects the photoprotective reduction of the PSII antenna size, which downregulates the rate of PSII excitation. The PSII antenna size is adjusted by regulatory proteolysis of pre-existing LHCII proteins, and FtsH is proposed to be one of the candidate proteases [@bib55], [@bib58]. Furthermore, the expression of LHCII could be negatively regulated both transcriptionally and translationally in response to signaling molecules including H~2~O~2~ and ABA under HL conditions [@bib57], [@bib59].

In this study, the responses of ginseng transcriptomes to HL and recovery from photoinhibition were investigated. Most upregulated and downregulated transcripts under HL stress were reversely regulated after recovery treatment and were transiently regulated HL-responsive genes (categorized into clusters 1 and 3, respectively; [Suppl. Fig. 2](#appsec1){ref-type="sec"}). DEGs maintaining their expression levels even after recovery (categorized into Cluster 2 and 4; [Suppl. Fig. 2](#appsec1){ref-type="sec"}) would participate in relatively long-term acclimation process against HL stress.

This study provides transcriptome profiling data on ginseng in response to HL stress and identifies potential candidate genes playing critical roles in photoprotection and acclimation processes against the stress. Furthermore, the identified genes could be rational candidates for metabolic engineering or germplasm screening to improve HL tolerance in ginseng. Ginseng, a shade plant, is particularly susceptible to HL stress. Comparative transcriptome analysis between sun and shade plants or among close relatives with different light tolerance would further facilitate the elucidation of genetic and molecular mechanisms underlying HL tolerance and susceptibility.
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